A. W. ANDERSON, AND P. R. ELLIKER. Inactivation of the radiation-resistant spoilage bacterium Micrococcus radiodurans. II. Radiation inactivation rates as influenced by menstruum temperature, preirradiation heat treatment, and certain reducing agents. Appl. Microbiol. 11:413-417. 1963.-The R1 strain of Micrococcus radiodurwans, previously determined to be more resistant than three other strains exposed to gamma radiation, was studied further to determiine the influence of certain environmental factors on resistance to radiation inactivation. The frozen state offered insignificant protection to the organisms irradiated in raw pureed beef. Resistance was reduced by higher menstruum temperatures (40 and 50 C) during irradiation. Preirradiation heat treatment was found to lower resistance to subsequent irradiation. When the cells were irradiated in buffer at pH 5, 7, or 9, no differences in resistance were noted. Cell suspensions in buffer were protected to some extent by cysteine but not by thioglycolate. Ascorbate enhanced radiation inactivation.
1963a), was studied further to determine the influence of certain environmental factors on its resistance to radiation inactivation. Factors affecting resistance may suggest a program for future studies on the mechanisms of resistance to radiation in this organism.
There are many reports in the literature concerning the effects of environmental factors on the sensitivity of organisms to radiation. Temperature variations above freezing are not considered to affect markedly the radiosensitivity of microorganisms (MAorgan and Reed, 1954; Hannan, 1955) . Kempe (1956) , Wood (1954) , and Powers, Webb, and Ehret (1958) , however, described temperatures at which organisms have been found to be more sensitive to radiation. Some workers found bacteria to be more resistant at subfreezing temperatures (Stapleton and Edington, 1956; Wood and Taylor, 1957; Denny et al., 1959; Fuld, Proctor, and Goldblith, 1957; Lawton and Bellamy, 1954) , and others found them to be more sensitive in the frozen state (Niven, 1958; Pepper, Buffa, and Chandler, 1956; Proctor et al., 1955 Proctor et al., , 1958 . In general, freezing lowers radiation effects on vegetative cells by reducing the production and diffusion of toxic agents (Hannan, 1955; Stapleton and Edington, 1956 ). An abrupt change in resistance at the freezing point and only a small oxygen effect below freezing were observed by Stapleton and Edington (1956) and by Wood (1954) .
Preirradiation heating generally has no effect on subsequent radiation resistance of spores (MIorgan and Reed, 1954; Kempe, 1955; Kan, Goldblith, and Proctor, 1957) , but some reports have shown that preheating increases the sensitivity of some bacteria to subsequent irradiation (Hannan, 1955; Huber, Brasch, and Wally, 1953) . Some measures of protection against radiation effects by reducing agents such as -SH compounds (Kimball, 1957; Morgan and Reed, 1954; Bridges and Horne, 1959) and ascorbic acid (Fuld, Proctor, and Goldblith, 1957; Proctor et al., 19.58) have been described. This paper describes the alterations of radiation resistance of the R1 culture of A1. radiodurans by menstruum temperature, preirradiation heat treatment, and certain reducing agents.
MATERIALS AND AIETHODS Substrates of beef or of 0.05 M phosphate buffer were used as menstrua for irradiation of cell suspensions in this study. The beef substrates were prepared as described previously (Duggan et al., 1963a) ; i.e., powdered freezedried beef was sieved to remove fibers, reconstituted to normal water content, and irradiated to 1.86 megarad in sealed cans. (No viable aerobic bacteria were detectable after irradiation.) This raw meat product, when mixed with an approximately equal volume of cell suspension in 0.5 % saline, could be pipetted easily for quantitative bacteriological study. The initial viable count was 2 to 4 X 10(8 cells/ml. Four vials of cell suspensions in beef to be studied at freezing temperatures were frozen in a deep freeze (-30 C) at least 15 hr before irradiation. Just before irradiation, two vials were placed into thermos bottles filled with a 23 % CaCl2 brine slush at -30 C. The thermos bottles (in no. 10 cans) were gamma irradiated in the Dugway, Utah, spent-fuel rod irradiation facility (Christensen et al., 1954) . The irradiation chamber was held at about -1 to -2 C during irradiation. Duplicate control samples were stored in a refrigerator while the test samples were in the irradiation chamber. The frozen test samples accumulated 2 megarad, as previously estimated using an unfrozen CeSO4 dosimeter contained in a thermos bottle filled with CaCl2 brine and irradiated at above-freezing temperatures.
Beef suspensions, prepared for studies at moderate and lethal temperatures, were adjusted to 0, 20, 40, or 50 C immediately before irradiation. The irradiation chamber was held as near the desired temperature as could be determined. Two vials were irradiated at each temperature and two vials, as unirradiated control samples, were held at the same temperature during the irradiation of the test samples.
A preirradiation heat treatment was carried out in small-bore tubes (5-mm outer diameter, 1-mm wall thickness) as described elsewhere (Duggan, Anderson, and Elliker, 1963b) . Four of these "thermal death rate" tubes were filled with 1 ml of the beef suspension of R1 culture, sealed with sealing wax, immersed in a water bath (57.2 C) for 2.5 min, and then removed into ice water. This thermal treatment was designed to reduce the initial number by a factor of about 10-1. Two of the tubes were irradiated to 2 megarad; the remaining two were used as controls.
Buffer suspensions of 2 to 4 X 108 cells/ml were prepared immediately before irradiation, since populations declined rapidly in buffer. (Losses of viability of 20 to 80 % were observed occasionally over a period of 3 to 6 hr when temperatures below 10 C could not be maintained.) Duplicate samples of the cell suspensions were irradiated to 1 megarad, and were compared with appropriate duplicate controls. All vials were kept in ice water until irradiated. Cells suspended in buffer (pH 7) containing 0.1 M cysteine, sodium thioglycolate, or ascorbate were used to study the effect of these agents on resistance to 1-megarad doses of radiation. Two tubes were irradiated for each experimental condition, and two tubes were held as unirradiated controls.
Four replicates of each of the studies described above were carried out, and enumeration was accomplished by plating on 0.5 % Tryptone-0.1 % glucose-0.1 % yeast extract (TGY) agar.
RESULTS
Count reduction in the irradiated cell suspensions was used as a measure of resistance under the several environmental conditions. Cells in a frozen menstruum were only slightly (but not significantly) less susceptible to irradiation than cells in unfrozen substrate (Tables 1, 2, and 4). No difference was detected between substrate Table 2 ). c Log surviving fraction based on initial count, since unirradiated control did not change significantly. d The < indicates that there were no colonies on platings from the lowest dilution (1:10). Values based on unirradiated controls would be equally meaningless.
e Log surviving fraction based on unirradiated control was -4.0717. Survival was not detected in platings from the lowest dilution (1:10) of some of the replicates irradiated at 40 C. f Average log surviving fraction of the unirradiated control held at 50 C (120 F) was -1.7970. No survival was detected on any of the samples irradiated at 50 C. RADIATION RESISTANCE OF A1l. RADIODURANS temperatures of 0 and 20 C (Tables 1 and 4) during irradiation. However, upon irradiation at the nondestructive substrate temperature of 40 C (104 F), the cells appeared to be much more susceptible to radiation kill (Tables 1 and 4 ). Irradiation at the destructive temperature (Duggan et al., 1963b) of 50 C (122 F) also increased susceptibility to radiation inactivation over that at normal temperatures (Tables 1 and 4 ). Since no survival was detected in any of the replicates irradiated at the higher temperatures, no definite surviving fractions are available. Correction of the given values for the destruction due to heat alone therefore would lead to no more definite a set of values.
The preirradiation heat treatment of the R1 culture in meat for 2.5 min at 57.2 C lowered the resistance of the culture to subsequent irradiation (Tables 3 and 4) .
No difference in surviving fraction was observed when the cells were irradiated to 1 megarad in buffer at pH 5, 7, or 9 (Table 5 ). Neither flushing buffer suspensions with nitrogen or oxygen for 5 min before irradiation nor irradiation in the presence of 100 ppm of H202 had any detectable effect on the rate of radiation kill compared with untreated cells (Table 6 ). However, cells irradiated with oxygenizing agents appeared to be more sensitive than those irradiated in the presence of reducing agents. Irradiation in the presence of thioglycolate appeared to have no detectable effect on radiation kill as compared with cells in unmodified buffer substrate, but cysteine seemed to offer some level of protection. The presence of ascorbate, however, appeared to enhance destruction of the cells.
DIsCUSSION
Subfreezing temperatures have been found to offer protection to radiation damage to some vegetative organisms (Stapleton and Edington, 1956; Wood and Taylor, 1957; Denny et al., 1959; Fuld et al., 1957; Lawton and Bellamy, 1954) but much less protection to spores (Hannan, 1955) . In a protein substrate, M. radiodurans resembles spores, in that a frozen menstruum appears to offer little protection against radiation damage. Cells irradiated in substrates other than meat may not exhibit 
C for
Frozen 0 C 20 C 40 C 50 C 2.5 min -3.5713 -0.69222 -1.88,340 -1.95795 -4.57752 -5.6395 * Determined by count reduction after exposure to 2 megarad of gamma radiation in beef puree menstruum. Results are expressed as the logs of the surviving fractions and represent an average of four replicates. LSD: P = 0.05 (1.46571); P = 0.01 (2.02696). .-5.3605 * Determined by count reduction after exposure to 1 megarad of gamma radiation in 0.05 M phosphate buffer. LSD: P = 0.05 (1.98116); P = 0.01 (2.61533).
t Averages of four replicates. this similarity. Kilburn, Bellamy, and Terni (1958) , who published after this study was completed, irradiated the It, culture in buffer, and showed large differences between survival rates in the frozen and unfrozen state as well as in the dried state. Their data indicate that 2 megarad (2.15 megarep) reduced the count of cells frozen in buffer by a factor of a little over 10-2. In unfrozen buffer, 0.93 megarad (1 megarep) reduced the count by a factor of over 10-s. The studies reported here indicate that 2 megarad reduced the viable count of cells by a factor of less than 10-1 in frozen meat compared to less than 10-2 in unfrozen meat. Workers studying the effect of menstruum temperatures above freezing on the microbicidal effects of radiation have reported conflicting results. Some found that the menstruum temperature exerts no effect on the rate of destruction (Hannan, 1955; Morgan and Reed, 1954) . Kempe (1956) found indications that spores of Clostridium botutlinurn seemed to be more sensitive at about room temperature. Others found that higher temperatures enhance the rate of inactivation (Woese, 1958) . The R, culture studied here seems to be much more sensitive at 40 C (a nondestructive temperature) and at 50 C (a destructive temperature) than at 0 or 20 C.
Preheating has generally been found to have no effect on resistance to subsequent irradiation of spores (Kan et al., 1957; M1organ and Reed, 1954) . Studies with some vegetative organisms have shown that preheating increases their sensitivity to subsequent irradiation (Wood, 1954; Hannan, 1955; Huber et al., 1953) . The R1 culture can be added to the list of vegetative organisms influenced by preirradiation heat treatments, since these cells are much more sensitive to irradiation kill after such a treatment.
A number of treatments in which temperatures above the normal growth range were involved were effective in increasing the sensitivity of these organisms to radiation. The effect of menstruum temperature during irradiation and the effect of preirradiation heat treatment are described above. It was previously reported that a culture which had been grown at about the maximal growth temperature (40 to 42 C) was subsequently less resistant to radiation than the parent culture (Duggan et al., 1963a) .
The absence of an effect on resistance by a change in menstruum reaction may indicate either that dissociation of cell and substrate molecules do not affect radiation inactivation reactions, or that the microenvironment (internal environment) of the cells is not affected by an external change in pH. The latter possibility is not supported by experience with heat-treated bacteria on which the menstruum pH has a marked effect on rate of destruction. Other studies on the effect of menstruum pH on rate of radiation destruction of bacteria (Proctor et al., 1955;  Wolin, Evans, and Niven, 1957; Pratt and Eklund, 1954; MIorgan and Reed, 1954; Edwards, Peterson, and Cummings, 1954 ) also indicated that the rate of kill is independent of pH.
The sensitizing action of ascorbate on IIl. radiodurans is a provoking phenomenion and has been repeated several times. MIaxwell (1956) described per-oxide formation from irradiated ascorbate in the presence of trace amounts of copper ions, but enhancement of radiation inactivation by ascorbate has not been reported for other bacteria. Alper (1954) presented evidence on the role of reducing radicals in the radiation inactivation of phage, but the absence of a sensitizing activity from cysteine or thioglycolate suggests that reducing conditions as such are not responsible for the sensitizing action of ascorbate in 11I. radiodurans. The viability of cells held in 0.1 M ascorbate but not irradiated was unaffected. The cells may have been "sensitized" to radiation by ascorbate, or, alternatively, the cells may have been "sensitized" to ascorbate by the radiation much the same as Escherichia coli (H7-) is sensitized to H202 (Adler, 1958) . No explanation is available at this time to account for the action of ascorbate on M. radiodurans.
